The electronic relaxation and photodetachment dynamics of an electron originating from an aqueous iodide ion have been studied using femtosecond absorption spectroscopy. The results indicate the importance of an upper excited charge transfer to solvent (CTTS) state, of odd parity, in the potential well of the solvated ion.
Introduction
The subject of electrons in fluids is of contemporary interest to a wide variety of chemists and physicists.1-22 In recent years there have been a number of studies of electrons in neat water using femtosecond absorption spectroscopic methods1 1-5 and theoretical and computer simulation methods. '-13 The model that has emerged from both the experimental and theoretical work is one in which the dynamics of electron solvation is described as an excited-state relaxation process.l~~J0- 13 The related subjects of aqueous ions and electrolyte solutions are also areas of longstanding fundamental interest in physical chemistry. Many simple anions in polar solution such as halides have large, broad absorption spectra in the UV. The transitions correspond to the excitation of an electron of the anion in the polarization well created by the solvent molecules oriented around the anion. The spectra are commonly referred to as chargetransfer-to-solvent or CTTS spectra.lS2O In our earlier studies of electron photodetachment in electrolyte solutions,21a22 we detected an ultrafast transient visible absorption in both I-and Br solutions. 22 We interpreted this transient as an excited state of the electron in the orientational polarization well formed by the waters organized around the solvated ion. In this paper, new experimental studies of electronic relaxation, electron photodetachment, and solvation of iodide anions in aqueous solution are presented and are compared with recent quantum mechanical simulations.13
Experimental Section
The experiments performed were transient absorption measurements using an amplified colliding-pulse-mode-locked dye laser operating at 10 Hz, 625 nm, and 300 pJ/pulse. The 312.5-nm UV pump pulses were generated by frequency doubling the fundamental beam witha 200-pmj3-barium borate (BBO) crystal.
The probe beam was either a small fraction of the remaining fundamentalor part of a whitelight continuum that was generated by focusing the fundamental beam into a I-cm-path length D20 cell. Different wavelengths were selected by using the appropriate broad-band interference filter. From the autocorrelation and cross-correlation measurements, the fundamental pulse width was found to be 80-fs fwhm, the UV pulse was about 150 fs, and the probe pulse from continuum generation was 170-fs fwhm. In order to minimize group velocity dispersion between the pump and the probe, a 200-pm cuvette was used in the experiments. The water used was double distilled, and the NaI or KI was the highest grade purity from Aldrich.
Results and Discussion
Dynamics of the Wet Electron. In Figure 1 , the observed dynamics of the aqueous electron originating from the iodide ion are shown. In order to eliminate the small background signal from the water molecules, the UV pump beam was defocused. Data taken with a 1000-nm IR probe pulse is qualitatively similar to but quantitatively different from that seen in neat water ( Figure  la) . The rise of the signal corresponds to the formation of the wet electron and the decay to the formation of the fully solvated electron. The formation of the solvated electron appears as a decay in the IR because the wet electron absorbs more strongly than the solvated electron in this region. In Figure lb , the photodetachment dynamics probed at 850 nm are shown. After the formation of the wet electron, the absorption appears to be nearly constant. This behavior is characteristic of an isosbestic point. The significance of this observation will be discussed in more detail later. In Figure IC , a 625-nm probe was used, and a dramaticdeparture from the previous experiments in neat water is seen in the rapid rise and decay at early times. The signal appears before the formation time of the wet electron. This species is the trapped or CTTS electron. This early time signal corresponds to the electron in the potential well of the initially solvatedanion; Le., weareobservingthe absorption fromanexcited electronic state in the CTTS well.22 It is important to note that the subsequent solvation dynamics at 625 nm are qualitatively similar to that seen in neat water and corresponds to solvation of electrons not in the polarization well of the initial ion.
Electron solvation dynamics in neat liquid water are characterized by the observation of two species, the wet and the solvated electron. The wet electron is the IR absorbing precursor of the solvated electron. The two-state character of the solvation dynamics was confirmed by the discovery of an isosbestic wavelength in the electron solvation dynamics.' At the isosbestic wavelength, the absorption coefficient of the wet and the solvated electron are equal, and thus the wet and the solvated electron are indistinguishable in their optical absorption. We used a kinetic model for the analysis of the electron solvation dynamics in neat water.'
We will use a similar kinetic model for the electron solvation dynamics in the electrolyte solutions. The electrons generated in these solutions, however, come from the multiphoton electron photodetachment of the I-and not by photoionization of the water molecules. At the laser powers used in these experiments only a negligible electron population is obtained from a neat water system. From our wavelength-dependent data, we can obtain information about the formation, decay, and absorption spectrum of the wet electron. From the rise of the signal at 850 nm, we find that the wet electron formation time (1 /kl) is 400 f 40 fs. This is slightly longer than the value obtained for neat water, 300 f 40 fs. From the data at 625 and 1000 nm, we find that the time for the wet electron to decay into the solvated electron (1/ k2) is 600 f 40 fs, which is close to the value of l/k2 for neat water, 540 f 40 fs. The small but real change in the formation kinetics of the wet electron could be due to the perturbation of the water structure by the anions and cations in the neighborhood of the photoejected electron, which slows the reorientation of the water molecules in their approach to the equilibrium geometry of the solvated electron. If the electrolyte was the origin of the change, then we would expect that the dynamics would depend on the electrolyte concentration. We found that the kinetics remains the same in the concentration range studied, 0.25-2.0M, which, though somewhat surprising, may not be conclusive since the range of interionic separations is not very large. Another possibility is that the photoejected electron is sufficiently close to the parent iodide ion to be perturbed by the remaining iodine atom and its surrounding water molecules. The water molecules reorganize from the initial geometry determined by the anion to a geometry influenced by the newly formed iodine atom and the photoejected electron. The longer solvation times could be due to the increased nuclear motion required for these water molecules to move from their initial polarized state to the equilibrium solvated electron geometry.
In our search for an isosbestic wavelength, we scanned the solvation kinetics as a function of probe wavelength (Figure 1) . We found at 850 i 30 nm that the signal rose monotonically and leveled off, which indicates an isosbestic wavelength. This is close to the value we obtained in neat water where the isosbestic wavelength was found to be 820 f 30 nm. It is of interest to note that there is no significant geminate recombination of the electron with the iodine atom on the 2-ps time scale. The absence of an early time geminate recombination of the solvated electron is a direct consequence of the lack of a strong interaction between the solvated electron and the neutral atom, unlike the neat water where the solvated electron and the H20+ ion, more likely the daughter H3O+ ion (and OH), interact strongly by the Coulomb force.
Dynamics of the CTlX Electron. We now consider the CTTS electron dynamics. The transient CTTS electron signal is observed between 700 and 450 nm with an absorption maximum at 550 nm.2* With a 625-nm probe, the formation time was found to be 1 5 0 fs, which is instrument limited, and the decay time was found to be 80 f 30 fs. It was found that the kinetics of the transient CTTS electron are wavelength dependent. With a 550-nm probe, the decay kinetics are slower than that observed with a 600-nm probe, which suggests as a possibility that the adiabatic relaxation on the potential surface of the lowest excited CTTS state is contributing to the observed transient absorption and consequently the observed wavelength-dependent kinetics.
The transient CTTS spectra should be general to halide ions in polar fluids. For example, we observed the transient CTTS electron absorption signal obtained from the longer time plateau region is larger than the transient CTTS signal seen as a peak at earlier times. At lower pump fields (Figure 2c , UV = l.O), the opposite trend is observed; the transient CTTS signal is much larger than the solvated electron signal. In the arbitrary units used for UV intensity, UV = l.Oisapproximatelyl= 1011 W/cm2. In fact, we can almost eliminate the solvated electron signal at low UV pump intensities. The same intensity dependence is also observed with a 550-or 600-nm probe. This phenomena can be understood if the CTTS state is produced by a two-photon process whereas the solvated electron is predominantly produced by a three-photon or a 2 + 1 excitation process. Therefore, at low UV intensities the transient CTTS signal dominates, and at high UV intensities the three-photon mechanism is comparable to the twophoton mechanism. The pump photon has 4.0 eV of energy; therefore, a two-photon transition will lie above the first excitedstatein the CTTS well ( Figure 3) . A similar competition between two-and three-photon processes has been observed in our neat water experiments.2 It appears that in our experiments the vast majority of solvated electrons are produced by the three-photon excitation mechanism. The relaxation of most of the CTTS electrons to the ground state of the anion has also been observed in simulations.I3 In addition, steady-state measurements by Jortner et al., at neutral pH, found a low 5% quantum yield of solvated electrons from excitation into the first excited state." The observed UV intensity dependence can be compared with estimatesof the polarization well depth. From the Franck model, the well depth can be estimated to be about 7.5 eV.15J9 This is not much different than the8.0-eV, two-photon excitation energy, indicating that the potential is at least 0.4 eV deeper than the Platzmann-Franck prediction. The three-photon process at 12 eV clearly has sufficient energy to photodetach the electron and thus produce a quasi-free electron.
We can estimate the value of u2, which is the two-photon cross section for the 8.0-eV excitation of an upper CTTS state for 1-in aqueous solution, by using the known value of 02 = 9 X cm4 s2, obtained by Nikogosan, for neat water at 316 nm. 24 The transient CTTS signal from iodide, at 1.0 M concentration, is typically 10 times stronger than the signal from neat water. Therefore, the cross section is estimated to be about 500 times larger for the iodide ion based on the molarity of water as 55 M. This implies a cross section of =4 X lV9 cm4 s. On the basis of the expectation that a transition to a continuum final state would not be this strong, we conclude that there is an upper excited CTTS state inside the polarization well of the I-anion at 8.0 eV.
Additional evidence for the role of an upper excited CTTS state comes from a consideration df selection rules. The groundstate absorption is a strongly allowed one-photon transition from the ground p-like state to an s-like state for the ele~tron.15-l~ Selection rules for two-photon transitions require that parity not change; therefore, the two-photon excitation would place the electron in a p-like state. The existenceof two excitation pathways and the odd parity excited CTTS state has been seen in the simulations of Sheu and Rossky. 13 We have also examined the intensity dependence of the signal at 850 nm, where no signal from the CTTS electron is observed. It is found that the formation rate of the wet electron is not intensity dependent. This is consistent with our conclusion that the solvated electrons we are observing are produced primarily by a three-photon ionization of the iodide and not by a twophoton excitation of a CTTS state followed by a transition to the ground or excited state of the solvated electron. If there was a mixture of different generation mechanisms for wet electrons, then one would expect kl, the wet electron formation time, to be intensity dependent.
Isotope Effect Studies of the D~M~C S .
Measurements of the isotope dependence of the wet electron formation rate have also been performed. The isotope effect is small and close to our experimental limits. The wet electron formation rate in the D2O iodide solution was found to be 480 f 40 fs vs 400 f 40 fs in the H2O iodide solution. The solvated electron formation time in the D2O iodide solution was found to be 680 f 40 fs vs 600 f 40 fs in the HzO iodide solution. This isotope effect is similar in magnitude to that found for neat water, Le., roughly a 10-158 decrease in the kinetics for the deuterated solvent.
A dramatic isotope effect is observed, however, in the formation and decay dynamics of the lowest excited CTTS state (Figure 4) . The CTTS absorption amplitude was found to be larger for H2O than D2O at all pump intensities and probe wavelengths. Thus, we conclude from this that the observed isotope effect is not related to the two-vs three-photon process discussed earlier.
Because one would not expect strong spectral changes upon isotope substitution to be responsible for the different absorption in H2O and D2O shown in Figure 4 , we attribute this decrease in the transient CTTS signal to a change in the formation and decay kinetics of the lowest excited CTTS state.
Summary and Conclusions
The dynamics of electronic relaxation following photoexcitation of I-in aqueous solution has been investigated using femtosecond laser methods. We have observed ultrafast electronic relaxation, following two-photon (2w,,, = 8.0 eV) photoexcitation to an upper CTTS (charge transfer to solvent) state of the potential well created by the polarization of the water moleculessurrounding the I-. The relaxation time of the upper CTTS state to the lowest CTTS state is less than 50 fs, which is an instrument-limited result in our experiment. The electron in the lowest CTTS state then relaxes in 80 f 30 fs to the ground state of the I-in the orientational polarization well of the water molecules. The dynamics were monitored by measurements of the time-dependent absorption from the lowest CTTS state. We also found that the yield of solvated electrons from two-photon excitation to an upper CTTS state was small. The primary source of the solvated electrons is a three-photon excitation of the I-to a photoionized state at 12 eV.
